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Abstract——

Modal and chemical data indicate that 12072, 12038, and 12031, the

Apollo 12 faldspathic basalts, form a well-defined group which cannot be

reJ.atedto the other Apollo 12 rock types. 12072 contains phenocrysts of

olivine and pigeonite and microphenocrysts of Lr-spinel set in a fine-

grained, variolitic groundmass. 12038 is a medium-grained, equigranular

basalt with a texture indicating it was multiply saturated. 12031 is a

coarse-gr~ined rock with granular to graphic lntergrowths of pyroxene and

plagioclase; it was also multiply saturated.

Petrologf~ observations, as well as the bulk chemistry, are consistent

with the interpretation that 12031 could be derived from 12072 through

fractionation of Cr-spinel, olivine, and pigeonite, the observed phenocrysL

assemblage. 12038, however, contains more pigeonite, less olivine, three

times as much Ca-phosphate minerals, one-fifth as much troilite, and much

more sodic plagioclase than 12072. These differences indicate that 12038

must have come from a separate igneous body. Consideration of the bulk

compositions indicates that neither 12072 and 12031 nor 12038 could have

been deriv~!d from the Apollo 12 olivine, pigeonite, or ilmenite basalts by

crystal-liquid fractionation. The general.petrologi~ similarities between

12072, 17,u31and ?.heother Apollo 1?,basalts suggests that they were produced

in either the same or similar source regions. 12038, however, is metro-

logically and chemically unique, and is probably exotic to the Apollo 12

landing site.
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Introduction

12038 was among the first group af Apollo 12 basalts to be analyzed

(LSPET, 1970), and it was i~ediately singled out as being di:ferent. In

particular, LSPET noted that 12038 had a composition similar to that of

the eucrites (basaltic achondrites). The uniqueness cf 12038 was confirmed

in the studies of Haskin et al. (1971), Compston et al. (1971), Cuttita et—— —. —

. (1971) and Schnetzler and Philpotts (1971). Allal. (1971), Biggar et al

of these workers except Biggar et al (1971) concluded that it would be

either difficult or impossible to derive 12038 from the other Apo7.io 12

basalts. In addition to the chemical differences, 12038 has a distinctly

higher plagioclase content than most of the Apollo 12 basalts. This led

James and Wright (1972) to classify 12038, along with 12006, as feldspathic

basalts. Rhodes et al {1977) (using chemical data not available to James— —.

and Wright), showed that 12006 should be classed as an ~livine basalt.

In addition, their analyses augge.sted that 12031, originally classed as

an ilmenite basalt (James and Wright, 1972) is also a feldspathic basalt.

There are important differences between 12031 and 12038, however, so the

grouping Pas orIlytentative (Rhodes et al., 1977). 12072 was originally

classified as an olivine basalt (Baldridge ~ +&., 1978) on the basis of its

superficial resemblance to the finer-gra.ined members of that suite.

Measurement of its mode and bulk composition (this work), however, indicates

that it is similar to 12031, and dissimilar to the oli.vfne, pigeonite and

ilmenite basalts. Accordingly, it is also termed a feldspathic. basalt.

In spite of the past problems with classification, the feldspathic

basalts constitute a well-defined group. Each sample fits the defining

criteria originally establl.shed by James and Wright (’I’iOq<4%,A1203~11.5%,
&

FeO<18%). They are all relatively feldspar-rich, and none can be related

to the other Apollo 12 rock types by crystal-liquid fractionation (see



below) . To further evaluate the significance of these three samples, we

have undertaken a comparative petrologic study. First, we seek to answer

the question, how are these fe!.dspathic basalts related to one another?

With this background, the evidence against their being related to the

olivine, pigeonf.te or Ilmeriitebasalts is summarized. Finally, the

problem of petrogenesis is considered,



Analytical Techxues—. —

Microprobe analyses were made using a MAC-5-SA3 electron microprobe

interfaced to a PDP-8/L computer far control and on-line data processing.

Each analysis was obtained by measuring on a single spot 9-15 elements in

groups of three. The data were reduced using the Bence-Albee technique.

Standard operatind conditions were 15 kv accelerating voltage and 0.05uA

sample current (on brass) with beam current integration and pulse height

se:ection. Reproducibilit-’ (la) on two “known unknown” secondary stan-

dards over a 13-month period ran~ d from 1-1/2% (for elements with

abundances >1%) to 3% of the amount present (for elements with abundances

0.1-1.0%) Champion et al., (1975).—.

Microprobe point counts were performed using a 161 Ev Si(Li) detector

interfaced to a NS-880 multichannel analyzer with dual floppy disks. For

each sample we have meas~red the abundance, average composition and range

of composition of each mineral and calculated the bulk compofjiton from the

mass balance equations. The mathematics, software and hardware behind the

point count technique are detailed in Albee et al., (in press), and the

data reduction follows the same methods as Beaty and Albee (1978). All

mineral formulae and normalizations follow the algorithms given by Beaty

and Albee (1978).

~neral Petrography

12038 has been partially described by both Keil.~t-g~. (1971) and

Simpson and Bowie (1971). Prior to this work, however, no petrologic

studies had been undertaken on 12031 and 12072. To provide internal

consistency as well as a basis for comparison, detailed petrographic o’~-

servations, microprobe analyses of the major minerals, and a microprobe



point count have been performed on each sample.

Texturally, 12072, 12033 and 12031 are drastically different from

one another. 12072 is porphyritic, with olivine and pyroxene phenocrysts

set in a fine-grained, variolitic g.roundmass (Figure la). 12038 iS

medium-grained and equigranular, with a subophitic to Intergranular tex-

ture (Figure lb). 12031 is coarse-grained, and varies from a granular,

gabbroic texture (Figure lc) to graphic intergrowths of pyroxene and plaglo-

clase (Figure id). This textural sequence might be Expected in a section

from either the

hand, the three

it is necessary

12072

Rock 12072

top or the base to the core cf a lava flow. On the other

samples may be totally unrelated. To test these hypotheses,

to compare the rocks in detail.

consists of 6 percent subhedral, partially resorbed pheno-

crysts of olivine, rare (0.2%) microphenocrysts of Cr-spinel rimmed by

ulvdspinel and about 5 percent lath-shaped phenocrysts of pyroxene in a

variolitic-textured groundmass of pyroxene, plagioclase, and ilmenite with

minor amounts of spinel, troilite, crist.obalite, Fe-metal, apatite,

fayalite, and two immiscible glasses (see Figure 2). The mode, average

mineral cmnpositons and bulk composition of 12072 are listed in Table 1.

C)livine phenocrysts range from F076 to F062 (Figure 3), acd are

pa-tially to completely surrounded by irregular rims of pyroxene. Euhedra].

Cr-spinei inclusions are common in the margins of the olivine as wI~ll as In

the pyroxene phenocrysts. Except where mantled by pyroxene or oJ.ivine,

spinel is surrounded by a thin rim of ulvtlspinel. The spinel cores ~re

~~ightly zoned from Chr65He’:24U1vll with Fe/(Fe+Mg) = 0.68 to Chr6.Her25

‘lY’13
with Fe/(Fe+Mg) = 0.83 (Figure 3) but the rims are too small to
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analyze.

~roxene phenocrysts consist of pinkish augite rims (Wo37En39Fs24)

mantling colorless to very pale buff-colored pigeonite cores (Wo10En56

FS24) (Figure 3). The augite rims grade continuously into the groundmass

pyroxene. Chemically, the grotmduutss pyroxenes define a trend extending

from iron-rich pigeonite (UOlqfi42Fs45) tO Iron-r ich augite (Wo25En18Fs57),

and then tovard pyroxferroite (Figure 3). The pyroxferroite ISInot

optically discontinuous, and no evidence of its subsolidus breakdown was

obaenred. The relative abundances of Al, Ti, and Cr in the pyroxsne

(Figure 3, inset) indicate that in the pigeonite phenocrysts the dominant

~2+TM1 ~
substitutions are R2+A12Si06, z ~, and R2+Cr3+AlSi06. During

crystallization first the amount of Cr decreases, then Al/T: drops. The

sudden drop in A1/Ti may be related to the reset of plagioclase crystallization

and subsequent pyroxenes apparently cuntain substantial R2+T13+A1S106

(Figure 3).

Pla~ioclase is present aa anhedral , acicular grains averaging 0.4-O.6mm

in length intergrown

adjacent plagioclase

.
rise to a poikilitic

with pyroxene in the groundmass (Figure 2). Locally

graius are intergrowri in optical continuity, giving

texture. Slight zan:!ngis present, from An92 to An87.

The amount of []S1408 in the pl.agioclase shows a general increase from

O to about 3 mole percent with decreasing anorthite content.

Ilmenite (G1o-1, Figuxe 3) occurs mai”:ly as acicular grains <0.3UZII

(Figure 2), bu~ some occurs m more irregular, wedge-shaped, or blGcky

grains. Native iron typically occurs as 25pm spheres, most cf which are

interstitial. More rarely, ~hey are !ound included w?.thin Ppinel and

pyroxene gra!-ns,but never

lntcrstittnlIIKiHHCS(lOpm)

wtthin olivi~e. Troilite is present as spheroidal

wltll rii:-(~ itm.cbo[d l.n~lu~~(~il~ Of Fe-metal, but lL{
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never found in the early--formed minerals. Cristobalite occurs as in-

terstitial, anhedral grains generally <55um in size. Ulv5spinel is

present not only as rims on the Cr-spinel phenocrysts, but also a.

small interstitial anhedral to vermicular grains, and in Intergrowth with

ilmenite. Fayalite is present as relatively large, equant crystals (up to

130um) which apparently crystallized directly from the melt, and traces of

phosphate minerals are present. In addition, two immiscible glasses are

present.

The crystallii?atfon history of 12012 can be inferred with considerable

detail because of the widespread preservation of the early-formed minerals.

Either olivine or C~-spinel was the iiquidus phase. The presence of metal

inclusions in spinel but not olivine suggests that olivice preceeded spinel,

but alternatively, spinel may have preferentially nucleated on the metal

grains. As pigeonite began to crystallize, olivine began to dissolve in

the melt, and an immiscible metal phase appeared. While pigeonite and

spinel precipitated, the liquid became progressively depleted in Cr and

enriched in Ca. This led to the discontinuous rims of ulvdspinel on Cr-

spinel and augite on pigeonite, but the exact s?quence could not be determined.

At this point the melt contained growing phenocrysts of pyroxene and spinel

,“?J dissolving phenocrysts of olivine. Then plagioclase, ilmenite, and

zristobalite saturations occarred in rapid succession, probably over a

narrow temperat~~re interval, and the fine-grained groundmass was produced.

By analogy with the experiments of Walker et al. (1976) the porphyrttic_—

q~ngle-stage cooling history.texture was probably produced by a simple, ..

Sulfide saturation occurred well after plagioclase begaa to form. Small

amounts of fayalite and phosphates are present, but the interstitial glass
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solidified before sny Zr-minerals formed.

12038

This rock is hypidiomorphic and dominantly equigranular with a

very homogeneous texture. Plagioclase laths (44%) form a loose, randomly

oriented network in which pyroxene (49%) is either interstitial or par-

tially enclosed (Figure lb). Also present are acicular ilmenite (35%,

Figure 4), interstitial cristobalite (3%, Figure 4) and trace amounts of

Ca-phosphate, fayalite, ulvtispinel, K-feldspar, troilite, K-glass, and

Fe-metal. In addition, a solitary grainof Cr-spinel rimmed by ulvtispinel

was observed in this study, and minor olivine was found by Keil et al.——

(1971). 12038 is xuedium-grained in comparison with 12072 and 12031, with

an average-grain size of about 600 microns (FiJure 1).

Although most of the pyroxene is rcmgly equant, several large (2.8 x

2.Omm), lath-shaped grains of pigeonite (Wo~1En59Fs30) are present (Figure

4C) . Strictly speaking, these grains are microphenocrysts. Pigeonite is

surrounded by discontinuous rims of augite (Figure 5; see also Keil et al.,

1971) which zones to pyroxferroite (Wo~7En3Fs80). An iron-rich pigeonite

is also present (Keil et al., 1971) which is composi:ionally distinct ‘rem

the pigeonite cores. The zoning in Al, Ti, and Cr (Figure 5, inset) is

similar to that for the pyroxenes in 12072.

Plagioclase is typically lath-sh.~ped, twinned and zones from about

‘82Ab140r.30th3 .7 to An73Ab200r20th5 (Figure 5) with steadily increasing

amounts of Fe and []Si O (Figure 5> inset).48 The last plagioclase to

crystallize is a.nhedral and poikilitically surrounds the earlier formed

minerals. The presence of small amounts of K-feldspar (0.19%) indicates

late-stage entry into the two feldspar field.

Ilmenite is invariably acicular and typically externally skeletal as



well (Figure 4d). Compositional zoning i~ tcsentially absent (GiO ~,

Figure 5) although small amounts of Al C23( 0.45 weight percent) and

Cr203 (0.12 wej,ght percent) are present (Keil ~lg., 1971).

Ulvdspinel (Ulv81Hei8Chr11; Simpson and Bowie, 1971) occurs as small

anhedra included in the margins of pyroxene crystals and as interstitial

intergrowths with ilmenite. In addition, one large (2C0 minron) grain is

present, which may represent a completely reacted Cr-spinel microphenocryvt.

Fayalite tyoically occurs as spongy ar.hedral masses with rounded inclusions -

,Zviaence for direct precipitation from an immiscible hi8h-Fe melt” Fayal:.te

is also present as one of the subsolidus breakdown products of pyroxferrcite,

and as rims on some of the opaque grains. Cristobalite occurs as irregular,

interstitial masses. Fe-metal is present as anhedral, surrounded grains with

a very narrow size distribution centered around 10 microns. Most grains

occur in the cores of plagiocl,ase laths, where they may have acted as nu-

cleation sites, but metal also occurs in the margins of pyroxene grai~s and

interstitially. Much more rarely, metal is present as amocboid inclusions

within troilite. Chemically, the metal contains 1-4 weight percent Nj.,and

1-2 weight percent CO (Simpson and Bowie, 1971). Troilice occurs as anhedral

interstitial masses, 20-30Dm. Other interstitial pha~es include tranquility.

ite and baddelyite (for analyses see Simpson and Bowie, 1971), apatite and/or

whitlockite, and traces of glass.

The paragenetic sequence of 12038 is more ambiguous than that of 12072.

Olivine and Cr-spinel were apparently the llquidus phases, but they are

present in such small amounts that their textural relations are unclear.

Although pigeonite phenocrysts are present, they are transected by plagio-

Cla.sc Laths (Figure 4c) in such a W(1Y that el.thercould have been the next
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mineral to crystallize. With falling temperature metal saturation

occurrer’ ther.augite rims on the pigeoni+e and immiscible troilite

spheres formed. Ilmenite was the next phase to appear, GO be joined

ultimately by cristobalite and the mesostasis assemblage. The textur~~s

of the fayalite and the glass in the mesostasis suggest that the melt

underwent late-stage silicate liquid immiscibility.

These textural observations are consistent with the experimental

___ (1971).work on 12038 of Biggar et al l’hev found that clivine was the

liquidus phase (1160°C) at one atmosphere pressure followed by pigeonite

and plagioclase. The temperature difference between the liquidus and

entry of the third’phase was only 5°, i~owever, indicating that 12038 is

multiply saturated at low pressure. Crystallization of spinel also began

near 1160°. The a~’gite rims formed at about 1140”, ilmenite at about 1090°,

trailite at 1080°, and by 1065° crystallization was complete.

12031

12031 is a coarse-grained (average grain size = 2mm, equigranular

rock with a variable texture. Graphic intergrowth of pyroxene (49%) and

plagioclase (40%) on one side of the thin section (l?igur,tId) give way to

a more granular, gabbroic texture on the other side (Figure lc). Elongated

and externally skeletal ilmenite (3.8%, Figure 4) elong with tridymite

laths (llguie 1) and interst.f.tialcristobalice constitute most of the

rest of the rock. Magnesian olivir,e and Cr-splnel are bcth absent, and

in contrast to both 12072 and 12038, the pyroxenes are neither lath-shaped

nor porphyritic.

Plagioclase occurs as large, anhedral, poikilitic grains with prominent

and complicated twinning. The largest crystal is 3.5mm acroJs, and is

bounded by the edges of the thin section. According co the work of Wi~lker
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~~ ~l. (1978) ~~d ~r~ve and w~lk~~ (1977),
—— this indicates that 12031 has

undergone a very slow cooling rate. Compositional zoning is from An91Ab5

‘ro .50th2.5
to An Ab Or Oth8 (Figure 6) with []Si408 increasing from

76 12 4

(0.4%) of K-feldspar are

intergrown with the plagio-

0 to 2 mole % (Figure 6, inset). Minor amounts

also present.

Because of the intimate way in which it is

clase, pyroxene ir 12021 is optically very complex, and core-rim relations-

Ships are difficult to decipher.
‘oth ‘igeonite ‘w012En56Fs32) 3nd augite

‘w030En47Fs23) are present (Figure 6), and both apparently zone towards

more iron-rich compositions. Optically and composttionally di~continuous

grains of pyroxferroite (Wt)~4En3Fs80Oth3) are also present, ranging in

size up to 2mm. As the iron content in pyroxene increases, Ti is enriched

at the expense of Al and Cr (Figure 6, inset).

Ilmenite (Gio ~, Figure 6) has a bladed, externally skeletal habit

(Figure 4a) and contains small amounts o ~r2[~3 (~~.13%),Zr02 )0.23%) and

MnO (0.25%). Fayalite is present both as discrete interstitial guains, and

a- o~ieof the subsolidus breakdown products of pyroxferroite. Tridytnite

laths range to more than lmm in length and cristobalite is present inter-

stitially. Ulvdspinel, apatite or whitlockite, tranquil,lityite and

baddelyite are all present in the mesostasis areas, commonly as large, well-

formed crystals (Figure 4b). Fe-metal (2-5Dm) is virtually absent, but may

be found contained i.nplagioclase, tridymite and the margins of pyroxenes.

Troilite forms anhedlal interstitial masses ranging up to 500um.

The crystallization history of 12L131is as follows. Plag!oclase and

pyroxene appeared on the liquidus together, forming graphic t.ntelgrowths.LS

well as discrete crystals. McII:alsaturation occurred next. The very 10b
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amount and small size of the metal grains may indicate that r~sh of

the dense, immiscible metal liquid was able to settle out of the melt.

Tridymite and ilmenite were the next phases to begin crystallizing, but

their .relatlvtorder fs indeterminate. Tridymite laths crosscut py-

roxene and plagioclase (Figure lc) suggesting that it preceded cristobaiite,

which ia interstitial. Although this sounds anomalous, textures suggesting

early tridymite and late cristobalite are also present in 12021 (Dollase et—

al., 1971) and 12064 (Klein ~ ~., 1971).—. Troilite saturati.on,silicate

liquid immiscibility, and the mesostasis min!-rals all appeared in the late

stages of crystallization.

Discussion

By detailed comparison of these three samples, it is possible to

evaluate the hypothesis that they came from the saintlava flow. If true,

the modes, m%neral compositions, and textures would all vary in a predictable

W:iy. In addition, each sample would have the same paragenetic sequence; and

the differences in bulk composition would be consistent with a realistic

fractionation model. To test this hypothesis, therefore, the abundances

and compositions of the rninerals$ the cryst~llization sequences, and the

bulk compositions will be compared.

A. PetrOIOg,/ and Mineralogy

01.ivineand Cr-spinel are both relatively abundant in 12072 but——

essentially absent from 12038 and 12031. This, in conjunction with the

grain sizes, is consititeni with 12072 having been derived I’romthe rapidly

cooled base or top of u flow, ilnd 1.2038and 12031 from the slowly cooled

core. The most Mg-rich ol.ivine in 12072 Is F076, which Rives an apparent

Kd 01-liqof 0.28. Although Ehts is n little lower than K(I for the com-
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~ositionally similar. Apollo 12 pigeonite basalts (0.30-0.33, Baldridge

et al., 1979>, it is close enough to the predicted value (Longhi,——

1977) that 12072 probably crystallized from a liquid of the

composition of the sample as it is now constituted. It is also

possible that some of the olivine crystals in 12072 are magnesian

xenocrysts which never equilibrated with the melt. By contrast,

the earliest olivine in 12038 has not been preserved (F060; Keil

et al., 1971), and in 12031 it is completely absent.— .—

The ~ roxene crystallization trends in 12072, 12038, and 12031 are

generally similaz (Figure 7). Early pigeonite is followed by augite, and

then zoning proceeds to pyroxferroite and ferrohedenbergite. The ~om-

positions of the earliest pigeonite and the earliest augite are variable,

however. In 12072 and 12031 pigeonite has roughly the same Fe/(Fe+Ng) ratio

as the augite (Figure 7). In 12038 the first augite is much more Fe-rich

(Figure 7). This can be related to more extensive crystallization of

pigeonite in 12038 (28% of total pyroxene) as compared to 12072 (17%) and

L2031 (12%) (Table 2). This difference is at odds with the one-flow hy-

pothesis-- it is difficult to imagine a situation in which ptgeonite pheno-

crysts would accumulate and olivine phenocrysts be lost (the melt densities

are distinctly less than either mineral). The average pyroxene composition

of 12038 is also somewhat unusual. L2072 and 12031 define a “normal” igneous

differentiation trend from Wo15En37Fs48 to h’022En30Fs48 (Table 2), reflecting

the fractionation of pigeonite. 12038, however, has both higher Ca and

higher Mg/(Mg+FeJ (Wo~1En37Fs42 ) when compared to 120”72,a dltference which

would require the fractionation of augite but not pigeonltc. These data

suggest that 12072 and 1203”1may Iw related by crystal-liquid fractionation,
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hut that 12038 is different.

The plagioclase in 12072 zones from An92 - An87, in 12038 from

’85 - ’78’
and in 12031 from An

94 - ’86”
The average plagioclase

compositions for 12072, 12038 and 12031

respectively (Table 2). Once again, if

are derived from 12072, we can test the

are ‘90.1’ ‘8?.1’ and ‘99.G’

we assume that 12038 and 12031

single flow hypothesis. Frac-

tionation of Cr-spinel, pi.geonite, and ol~vine will enrich the residual

melt in plagioclase, without changing its average composition. Because

of the rapid cooling rate of 12072, however, its augite would contain

more CaAl SiO than the more slowly cooled derivatives, and its average
26

plagioclase composition should be slightly less calcic. Furthermore,

plagioclase may have been slightly undercooked with respect to augite in

12072 (by analogy with the pigeonite basalts; Baldridge et~., 1979)

so its first plagioclase may be slightly more sodic than in its fractionated

products.

The plagioclase compositions in 12072 and 12031 are in accord with

the above model. The higher orthoclase contents of plagioclase in 12031

(Figure 6) reflect a reduced amount of K-glass (Table 2). 12038, however,

is clearly h discordant sample. Both its average and its initial plagioclase

compositions are anomalously sodic in comparison with 12072 and 12031. To

relate them would require ma:sive plagioc;lase fractionation, a process in-

admissa’~le considering the textures present,

The abundances of troilite and a~ati.te or whitlockite reflect a final——— . —— ..——

important difference between these samples. Troilite and the phosphate

minerals a e late-crystalliziang, interstitial phases which should be

fractionated together. 12072 contains 0.31% and 0.12% of troi.liteand

])h(JSph:lt Q!F?, resp~~ctivcly (Tnl>lr 2) . 120’11haH :lboutdOIJb10 that amount:

0.71% and 0.18%, respectively. 120’{8,IJnthe ot}’~rhand, contains only



0.06% troilite, but 0.31% phosphate minerals. This difference cannot be

accounted for by fractionation processes, but must represent a difference

in the in’ ‘al bulk corpositj.ons.

B. Paragenetic Sequences

The paragenetic sequences of the three

their being consanguineous. 12031 and 12038

sampl,esare consistent with

are multiply saturated with

pyroxene and plagioclase, as would b::expected !if12072 had lost its

olivine, Cr-spinel, and pigeonite phenocrysts. Mef:al saturation occurs

early and sulfide saturation late in each sample.

C. Bulk Chemistry

The bulk compositicms of 12072, 12038 and 12031 are listed in Table

Although slight differences exist, ‘the three rocks are on the whole very

similar to one another. In comparison with the rest of the Apollo 12

collection (Figures 8 and 9), the three feldspathic basalts are not only

similar to one another, they are unli;.< the other rock types. In parti-

cular, they may be distinguished on the basts of higher A1,203, Si02 and

CaO, and lower FeO and Ti09.

Although

basalt suites

and pigeoni.te

3.

the differences within the olivine, pigeonite, and ilmenite

are clearly produced by fractionation of olivine, Cr-spinel,

(Figure 8; Rhodes et=., 1977), the feldspathic basalts

are not differentiates of any of them. Plotting MgO (a fractionating

element) versus A1203 (a non-fractionating element) (Figure 8) it can be

seen that the pigeonite, olivine, and ilmenite basalts lie on a common

trend indicating olivine control. The ieldspathic basalts follow a

parallel trend whtch is displaced by about 2 weight percent A1203, (Figure

f)). The feldspathic basalts contain distinctly less FeO (LJ.8-17.7%) than
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the other rock typtia(Figure 9). Fractionation of olivine and pigeonite,

however, produces a late-stage iron enrichment trend. The multiply

eaturated residual liquids of both the olivine-pigeonite series (12039)

and the ilmenite series (12047) contain about 20.5% FcO (Rhodes et al.,-— —

1977). The multiply saturated character of 12038 and 12031 indicates that

they are also residual liquids, but they were not derived from the

olivine, pigeonite, or ilmenite basalts. In addition, fractionation of

olivtie, Cr-spinel, and pigeonlte will either enrich or deplete the re-

sidual liquid in plagioclase and ilmenite together. Although plagioclase

is, in fact, higher in the feldspathic basalts, ilnmite is depleted. In

sumery, the Apollo 12 feldspathic basalts form a distinct, well-defined

group which cannot be related to the other Apollo 12 rock types.

In comparison to each other, 12031 and 12038 have very similar major

elemant compositions (Table 3), a fact noted by Rhodee et al., (1977).

This reflects the fact that they were apparently both cotectic liqulde in

equilibriumwith plagioclase and pyroxene. 12038, however,

the conccntratlous of incompatible trace elements as 12031.

Na20, Ba, Ce, Eu and Zr are enriched in 12038 by factors of

has roughly twice

For example,

2.0, 2.0, 1.9,

2.2 and 1.8, respectively (Table 3).
‘2°5‘

however, is concentrated by a

a factor of 2.8, and K20 by a faccor of only 1.4. Both the fractionation

of the KREEP elements from one another and their high abundances indicate

that 12038 and 12031 are not related by near surface fractionation. This

conclusion agrees with that determined solely on the basia of petrology.

12072 is chemf.tallymore primitive thnm 12038 and 12031, for example

it has higher MgO, a:ldCr203, findlower Ti02, A1203, and CaO (Figure 9).

Except for Na20, all of the major element data are conaisten~ with either

12031 or 12038 having been derived from 12072 through the loss of its
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ferromagnesian phenocrysts. 12031 has a similar sod:lumcontent as 12072,

but 12038 contains about twice as much Na90 (Table3). These values

are reflected ~n

12C72 is related

petrology.

In summary,

&

the plagioclase compositions(Table 2j, and suggest that

to 12031, but not 12038. Again,

all of the petrologic, textural,

this agrees with the

and chemical data are

consistent with 12072 and 12031 having been derived from the same magma

body, but having undergone different cooling rates and degrees of

differentiation. 12038 is a unique sample, unrelated to either 12072

and 12031 or to the other Apollo 12 basalts.

D. Petrogenesis

Lunar petrologists have tended to group all lunar feldspathic basalts

together (e.g. l?apikeet al., 1976; Reid and Jakes, 1974). Included are

basaltic samples from Luna 16, Apollo 14, and Apollo 12. This miscellaneous

collection has been variously interpreted as non-mare basalts (Hubbard

and Gast, 1972), high-Al mare basalts (RidleyS 1975), and in some cases as

impact melts (James, 1973). Furthermore, glasses with the compnsitim of

the dominant rock types are rare, whereas glasses with the composition of

feldspathic basalts are common in the soils at each mare landing site

(Reid and Jakes, 1974). This, in coniunotion with the orbital measurements

of A1/Si would suggest that feldspathic basalts are widespread (Mare

Fecunditatis, Oceanus Procellarum, Mare Crisium, and Mare Nubium; Reid and

Jakes, 1974). On the other hand, the abundance of high-Al glasses could

reflect the large contribution of feldspathic material from the lunar high-

lands to the mare soils. The lack of

feldspathi.cbasalts are dissimilar to

in different ways.

consensus reflects the f:lctthat the

one another and have been generated
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There is no evidence that 12072, 12038, and 12031 were produced

impact melts. None of the three contain xenoliths, a common feature

impact melts in highlands breccias (e.g. Quick et al., 1978). The——

as

in

parental liqulds were not saturated in metallic iron, a condition which

has been interpreted as indicating meteoritic contamination for 14310

James, 1973). The Fe-metal globules are small, homogeneous, and in

12038 have compositions indistinguish~;oie from t..emetal in the olivine

basalts (Simpson and Bowie, 1971). The siderophile element (Au) A13vIr~

Re) abundances in 12038 (Anders et al., 1971; Baedecker et al., i971) are.— ——

somewhat higher than in the other Apollo 12 mare basalts~ but they are an

order of magnitude less than the concentrations found in 14310 and the

lunar soils (Morgan et al., 1971; Baedecker et al., 1971; Ridley (1975).— —. ——

All of this data suggests an absence of meteoritic contamination.

The many similarities between 12072, 12031 and the other Apol’o 12

basalts suggests that like them, these two feldspathic basalts were derived

by partial melting of the deep lunar interior. 12072 is marginally quartz

normative, has olivine, Cr-spinel rimmed by ulvtispinel, and pigeonite rimmed

by augite phenocrysts set in a fine-grained,varioli~tc groundmass - - all

of which characteristics it shares with 12011, a fine-gr~,ined pigeonitn

basalt (Baldridge et al., 1979). 12011 and 12072 have identical pyroxe, z.—

zoning profiles; early pigeonite is rimed by augite, and then ferropigeonite

zones to pyroxferroite. The Cr-spinel microphenocrysts in 12072 zone from

chr65Her24u1vll to ~r61Her26U1v13~ those in 12011 from Chr65Her25Ulv10 to

chr58Her28u1v14 “
This similarity is noteworthy considering tbe wide

variety of spinels returned from the moon (see the numerous publications

of Haggerty, El Goresy). Finally, the plagloclase in 12072 zones from

‘92-87
whereas that in 12011 is An92_88.
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These petrologic similarities strongly suggest that 12031 and 12072

were produced in either the same or a similf~r source region as that of

the other Apollo 12 basslts. Rhodes et al,,[l!377) report that the trace.—

element abundances in 12031 are similar to those of the other Apollo 12

basalts, an observation consistent with t:heabove interpretation. The

scarcity of basalts like 12072 suggests that it and 12031 come from a

lava flow that is either deeper in the section at O~eanus Procellarum, or

crops out further from the landing site than the other rock types. Be-

cause most of the surficial rocks in the lunar maria are probably samples

of the uppermost lava flows, the study of unusual rock types such as 12072

and 12031 is very important because they may be samples of deeper, mre

volumetrically significant basaltic units.

The magma parental to 12038 can not be related to either 12031 and

12072 or any of the other Apollo 12 basalts. It has an unusual trace

element character (Haskin et al., 1971; Schnetzler and Philpotts, 1971;.—

Cuttita at al., 1971), along with a lower initial Sr ratio (Ccmpston et—— —

&. , 1971). 12038 is also a relatively young rock (3.28 t .21, Compston

et al., 1971; 3.11 ? .05, University of Sheffield data, quoted by James,——

written comm., 1979). The general chemical similarity between 12038, 12072,

and 12031 suggests that like them, 12038 was derived by partial melting of

the lunar interior. The detailed differences, along with the fact that

12038 is unique among the lunar c-’lection, suggest that it is exotic to

the Apollo 12 landing site.
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Figure Captions

Figure 1.

Photomicrographs of Apollc 12 feldspathic baaalts. All photograpk-

re in transmitted light at the same scale for comparison. a) In 12072

olivine and pigeonite phenocrvsts are set in a iine-grained variolitic

groundmass of pyroxene, plagioclase and a variety of minor phases. b) Lath-

shaped plagioclase and equant to elongated pyroxene form an intergranular

to subophitic texuure in 12038. c) Portions of 12031 show a granular,

gabbroic texture. Note in particular the large tridymite laths (pale grey,

high relief) which emanate from plagioclase (white) and cross-cut the dark

gray pyroxene. d) Graphic intergrowth of pyroxene (dark grey, high relief)

occur with plagioclase (white, low relief) in 12031.

Figure 2.

Photomlcrographs of 12072. a) Lath-shaped pyroxene phenocryst with

pigeonite core and augite rim. b) Olivine phenocrysts are subhedral,

sometimes embayed and set in a fine-gralled, variolitic groundmass. c)

Spinel mi.crophenocryat.The central darker core of Cr-spinel has a pale

rim of ulvt!spinel. d) Groundmass textures in reflected light showing

acicular ilmenite (whitish-grey)anhedral pyroxene (pale grey), subhedral

to acicular plagiociase (dark grey) and very dark grey interstitial

cristobalite (irregularfeatures).

QwzSL2”

Compos~.tf.onof pyroxene, olivine, plagioclase, splnel and Llmenite in

12072.



ZL8!X!23”

Photomicrographsof 12031 (a,b) and 12038 (c,d). a) Ilmenite (whitish-

grey) typically has an externally skeletal, blocky habit. b) Mesostasis

phases are remarkably coarse-grained in 12031 as this reflected iight

photomicrographshows. Troilite (white) is associated with apatite @id-

grey, imperfect hexagonal sections, criss-cross surface markings) at the

junction between a pyroxene and a pyroxferroite grain (paler-grey). Some

~nhedral plagioclaae (dark grey) is alho presenk. At the pyroxferroite

rim, where it meets the troilite, subsolldus breakdown to rayalite,

cristobalite and iron-rich pyroxene hafioccurred (wormy intergrawths). c)

Ills view of 12038 in crossed nicols shows twinned, lath-shaped plagioclaee

cross-cuttings pigecmite lath. d) Ilmenite (white) in 12038 is acicul,ar

and commonly externally skeletal. Subhedral blocky to anhedral plagioclase

(dark grey) and anhedral pyroxene (paler grey) are also present.

Figuri!5.

Composition of pymxene, plagioclase and ilmenite in 12038.

Figu~e 6.

Compot;ition of pyroxene, plagioclase and Ilmenite in 12031.

Figure 7.

Pyroxene quadrilaterals and plagioclase histograms for 12072, 12038 and

12031. The data was collected aut~atically on a pre-set grid using the

electron microprobe, and is a random sampling of the pyroxene and feldn~nr in

each sample. There are 500 points on each of the histograms as well as each



of the quadrilaterals. Each analysis was counte’!for only five seconds, so

although there are sizeable e~rors associated with individual points, the

general patterne are meaningful. i.~ 12072 thwe are large auounts of augite

and ferropigeonite~alo~ with small amount~ of pyroxferroite. 12038 has

much Mg-pigeonite, and little augite. 12031 Is dominated by Iota of

ferrohedenbergiteand discontinuous pyroxferroite. By having the computer

count the number of points in selected areas of the pyroxene quadrtlatezal~

we can quantitativelyreport (Table 2) the amounts of augite, pigeonite~

reed-Fepyroxene~ high-Fe pyroxene and ferrohedenbergite.

The plagioclase histograms are more subject to error than the pyroxena

qt.adrilaterals.The absciasa is the Ca K-value divided by the Ca K-value

in anorthite. Instrument drift during thf)course of a run can therefore

cause the entire data spread to shift. The average plagioclase compositicm

(Table 2) is calculated using Ca/Si, thereby sidestepping the problem. Note

for example, that the average composition for 12072 is An90 (Table 2), but

on the histogram only a small fraction of the points are more calcic than

this. Also, because the data are only five second counts, th~ apparent

spread is much larger than that actually present in the sample. Ml of the

analyses less than An70 in 12031, for example, are probablyspurrious. With

these problems in mind, the histograms are useful for two comparisons; the

general position of the peak and the width of the data spread.

~igure 8.

Variation of A1203 with MgO for Apollo 12 basalts. The Apollo 12

i.lmenite,pigeonite and olivine hasalts are spread out along a comond tremd

iildlcati~.~~li~!ne control whereas the feldupethicbaaaltg lie d,tatinctly

off this trcx!.



Figure 9.

Variatian of CaO with FeO for the Apollo 12 basalts. The feldspathic

basalts form a distinct cluster with lower FeO contents than the other

rock types.
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April, 1979
“Fel.dspathtc Basalts”



P1.agi Ocl Pse
Pyroxcll(:
Tlmcnitc
“SiCi2”
h;~-o Livine
Fay(I] ite

‘1’roi]ite
Phosphate
Ulvtispilwl
Mescrstasi.sl
Cr-spinel
Fe-metal

K-spar

Avc . P1ag (An)
Ave. ~)’X WO

En
Fs

Ave. MRO1. (Fo)
AvL1. 11 (Fe)
% Pyx2 Low Cil

Augitc
Fled Fe

Iii Fe
Ferrol~ed

3/3.94
49.0L4

1.15
3.!37
5.71
<.()(4

0.31
0.12
0.12
1.11
0,17
0.07
%.04

12038

44.03
14R.8.1

3.46
2.67
C,(-)4
().18
0.06
().31
!3.14
0.05
~.04
~.04
0.19

1203:.——

40.22
.’/9.18

3.77
4.94

‘absent
().1~4
0.71
0.18
n.05
0.36

nbsent
0.03
0.41

90.1
15.2
37.0
47.8
70.4
99.7
174
18.0
47.4
16.8

0.4

83.1
2!1.6
36.8
42.5

99.6
28.4
10!2
4(3. 5
20,2

(),7

‘)().6
21,7
30.4
47.8

99.4
11.8
42.7
15.1
29.4

1.1

1f4esostasis in 1207? is fine-~ralnc(! mixt~lres of
K-~li]ss,sil~ca and pla~ioclase. In 12031 and

1203!3it is modal K-glass.

2Pvroxcnrs were suhdividc(l along Iilles of rOnstant

“.’11.11’ 2
IIri}:fn:ll

f{(~{nfv et al.

A])til, lo 7[)

“F1’l(lsput-tlfc Bilsalts”
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.!

SiO
2

rio2

‘1203
FeO

Mgo

CaO

Na70
—.
K20

‘2°5
s

cr203

Mg/ (Mg+Fe)

Norm. Qtz

Sr

Da

Ce

I::ljti
- .

12072] f-(z) (5) (ave) h(i (4) . ...— .—-—.. — ——..

48.14 47.1 46.56 47.13 46.61 46.85

1.81 3.17 3.31 j.~fi 3.25 3.25

11.64 12.8 12.53 13.03 12.45 12.70

17.46 17.4 17.99 17.73 17.75 17.72
—— — .. .. . .—-. — —-—..———. .—. — -. .-. ——— _

0.25 0.24 0.27 0.25 ().251 0.25

8.57 6.8(-1 6.71 6.60 6.83 6.74

11.38 11.4 11.62 11.43 11.48 11.48

0.37 0.64 0.66 0.69 0.67 0.67

0.04 0.07 0.073 0.06 0.067 0.07

0.06 0.17 0.14 0.14 0.12 0.14

0.16 0.06 0.07 0.07

0.40 0.31 0.27 0.32 0.30

100.33 , 100.10 100.16 100.34 99.87 100.24

158 185.8 185 173

142 I 20 107 119

25 30
I

Sm 8(3

Eu 2.20

TIY 1.9

Yb fi.3 6.05

1.11 ().75
—— -.—..—.- .-—..—.— .—— —— -- ..—— - .—. ..— —. —-

Y 71 1,(j “)(). 5 ~(]

i!r 186 160 182 1H2

Nb 12 7 !) . “1 9.0

Ilf 6.5.— . .-— ——— -———— -—----.--. -—— ...—-- ——. — ———-—
Sc 50 I,H.2

Cr 2210 1~[,(] 2() ‘j ()

co 34 25 29.1

1A 20 1() [2 ./,7

.___ —______

120316——

46.97

2.88

12.63

16.78
——

0.26

7.13

12.25

0.33

0.05

0.05

0.05

0.35

99.73

.431

2.1

136

60

15.6

4.23

1.00

1.19

3.7

(-).55.—
., -

.1

1 U(-I

7.[)

3.3—.—— —
4~.9

2/1(,~

2(1
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